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aradoxical Increase in Ventricular
orsion and Systolic Torsion Rate in Type I
iabetic Patients Under Tight Glycemic Control
ina Chung, MD,* Paul Abraszewski, MD,* Xin Yu, SCD,‡ Wei Liu, SCD,‡
ndrew J. Krainik, MD, MPH, Marvin Ashford, MD,* Shelton D. Caruthers, PHD†‡§,
anet B. McGill, MD,† Samuel A. Wickline, MD, FACC*‡
t. Louis, Missouri; and Best, the Netherlands
OBJECTIVES This study sought to characterize the early features of diabetic cardiomyopathy by magnetic
resonance imaging (MRI) tagging.
BACKGROUND The earliest manifestations of diabetic cardiomyopathy have not been well established,
especially under tight glycemic management. We hypothesized that torsion measurements
would identify subclinical contractile alterations in type I diabetics with normal left
ventricular ejection fraction, mass, blood pressure, and aggressive glycemic control. We also
sought to characterize the influence of elevated resting heart rates (HRs) of diabetics on
torsion.
METHODS Sixteen patients with type I diabetes and 10 control patients underwent cine and tagged MRI
with a 1.5-T scanner. Torsion, strain, and their rates were measured. To quantify the
influence of chronotropic and inotropic stimulation on torsion, nine healthy volunteers
underwent MRI tagging at rest, after atropine injection, and after exercise.
RESULTS Diabetic patients (hemoglobin A1c, 6.8  0.4%) had a higher resting HR (77.0  12.4
beats/min vs. 59.0  5.6 beats/min; p  0.01), higher maximal torsion by 23% (3.5 
0.9°/cm vs. 2.7  0.4°/cm; p  0.01) and higher maximal systolic torsion rate (TR-s) by 25%
(0.013  0.003°/cm/s vs. 0.010  0.002°/cm/s, p  0.01). Torsion did not significantly
change with chronotropic stimulation (p  0.30).
CONCLUSIONS In diabetics under tight glycemic control, we observed a surprising increase in torsion and
TR-s unrelated to chronotropic influences of HR. We propose that increased torsion and
TR-s could represent early predictive markers of the propensity to cardiac dysfunction in
asymptomatic type I diabetics. Furthermore, these findings seem fundamental to the diabetic
state itself and unaccounted for by other comorbidities. (J Am Coll Cardiol 2006;47:
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.08.061384–90) © 2006 by the American College of Cardiology Foundation
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aiabetic cardiomyopathy (DCM) has been recognized in
iabetic patients who develop heart failure in the absence of
ypertensive, ischemic, or significant valvular diseases (1–3).
iabetes is not only an independent risk factor (4), but also
n adverse prognostic indicator of heart failure (5). Accord-
ngly, an important challenge is to identify the earliest
anifestations of heart disease with the use of objective
urrogate markers of cardiac dysfunction and ultimately to
revent heart failure by instituting earlier therapy. Diastolic
ysfunction has been described as an early stage of DCM in
iabetics with normal left ventricular (LV) ejection fraction
6,7). However, the general acceptance of isolated diastolic
ysfunction as the earliest abnormality in diabetic patients
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ent of Biomedical Engineering, Washington University School of Medicine, St.
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edical Systems. Dr. Wickline is supported in part by grants from Philips Medical
ystems and the National Institutes of Health. Dr. Chung is also supported by a
ational Institutes of Health grant.s
Manuscript received March 18, 2005; revised manuscript received July 27, 2005,
ccepted August 22, 2005.lso might reflect the insensitive nature of the criteria for
dentifying abnormal LV systolic function according to
jection fraction.
Recently, more sensitive methods have been applied to
ssess systolic function. Tissue Doppler strain and strain
ates have been used not only to characterize systolic
unction in diabetics who have normal LV function, but also
o evaluate other clinical covariates such as hypertension,
ypertrophy, use of beta-blockers or calcium channel blockers,
nd the dependence on glycemic control (8–10). Unfortu-
ately, little is known about systolic contractile dysfunction
n the earliest stages of DCM, at which time LV ejection
raction, mass, and blood pressure may be minimally af-
ected under conditions of tight glycemic control. To gain a
ore thorough understanding of systolic function in the
ery early stage of DCM, subclinical features preceding
vert hypertrophy require evaluation. Also, potentially con-
ounding influences of hypertension, poor glycemic control,
eta-blockers, calcium channel blockers, and heart rate
HR) require assessment.
Doppler strain and strain rate echocardiography are simple
nd quick to perform and reveal information about cardiac
train not available by traditional echocardiography. However,
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January 17, 2006:384–90 Early Features of Diabetic Cardiomyopathyhe method is restricted to one-dimensional deformation
rom a fixed point in space and does not track myocardial
otion. It also depends on the angle between the beam
irection and tissue deformation. In contrast to Doppler
train echocardiography, magnetic resonance imaging
MRI) myocardial tagging techniques track the motion of a
pecific point within the myocardium and allow compre-
ensive two- and three-dimensional evaluation of regional
nd global cardiac tissue deformation (11,12).
The regional contractile patterns of the ventricle mea-
ured by tagging provide twist, torsion, and strain data that
re informative regarding mechanisms of local tissue defor-
ation. Torsion reports the rotation of the apex with
espect to the base along its long axis and is produced by
ontraction of the heart’s obliquely spiraling myofiber layers.
period of rapid untwisting recoil follows maximal torsion
nd occurs largely during isovolumic relaxation (13,14). The
aximal torsion rate during recoil (TR-r) has been shown
o correlate with the time constant of relaxation, tau (13).
e propose that MRI tagging should provide a reproduc-
ble and sensitive method for quantifying twist, torsion,
train, and their corresponding rates in early diabetic heart
isease. Thus, we hypothesized that subtle manifestations of
bnormal ventricular torsion, torsion rate, and strain might
ppear early in DCM and be detectable with MRI tagging
n type I diabetics who have normal ejection fraction,
ormal LV mass, normal blood pressure, tight glycemic
ontrol, and no overt heart disease. Because diabetic patients
re known to have higher HRs at rest, we also sought to
efine the impact of isolated chronotropic stimulation on
yocardial torsion as compared with increased inotropic
timulation induced by exercise at comparable HRs to
valuate this feature as a potential covariate for any observed
ardiac dysfunction.
ETHODS
atients. We studied 35 patients (16 with and 19 without
ype I diabetes mellitus). To ensure tight glycemic control
nd homogeneity, the diabetic group consisted of adults
ith type I diabetes who were followed up regularly at the
ashington University diabetes clinic and met the inclusion
riteria: age 18 to 50 years, no symptoms or signs of known
eart failure, duration of type I diabetes5 years, on insulin
Abbreviations and Acronyms
DCM  diabetic cardiomyopathy
ES  duration from end-diastole to end-systole
HbA1c  hemoglobin A1c
HR  heart rate
LV  left ventricle/ventricular
MRI  magnetic resonance imaging
TR-r  maximal torsion rate during recoil
TR-s  maximal torsion rate during systole
TTE  transthoracic echocardiographyherapy, hemoglobin A1c (HbA1c)  7.5% within the last dhree months. We excluded those with abnormal LV
unction, hypertrophy, moderate to severe valvular abnor-
alities, or wall motion abnormalities noted on transtho-
acic echocardiography (TTE) or cine MRI; hypertension;
evere arrhythmias; congenital heart diseases; history of
oronary artery disease; other significant illnesses; or the
tandard contraindications for MRI (15). The control pa-
ients comprised two groups: control 1, normal volunteers to
ompare with the diabetic patients, and control 2, normal
olunteers to study HR effects. All patients gave informed
onsent, and the study protocol was approved by the
uman Studies Committee at Washington University
edical Center. Each diabetic patient and control 1 patient
nderwent TTE followed by MRI. The control 2 patients
nderwent MRI only.
ransthoracic echocardiogram. Complete two-dimensional
nd color Doppler examinations were obtained (Acuson
P128, Siemens, Germany). The transmitral inflow pulse-
ave Doppler was obtained in the apical four-chamber
iew, including the E-wave (early mitral inflow velocity),
he A-wave (peak atrial filling velocity), the E/A ratio, and
eceleration time (DT, time from peak of the E-wave to
aseline). The tissue Doppler images at the septal and
ateral mitral annulus were obtained to assess peak myocar-
ial early diastolic velocity (Em) and peak myocardial late
iastolic velocity (Am). Diastolic dysfunction was defined if
ne of the following criteria was met: E  A or 2  A,
T 220 ms or 160 ms, isovolumic relaxation time
100 ms or 70 ms, or average Em 8 cm/s.
ine MRI imaging protocol. All MR imaging was per-
ormed with a 1.5-T scanner with a five-element, phased-
rray coil (ACS NT, INCA software, Philips Medical
ystems, Best, the Netherlands). A standard ventricular
unction examination was performed by acquiring cine-
oops of vertical long-axis, horizontal long-axis, LV
utflow tract, and short-axis stack views with a vector
lectrocardiogram-triggered steady-state gradient echo
equence. Acquisition parameters were: repetition time
TR), 3.2 ms; echo time (TE), 1.6 ms; flip angle, 60°;
eld of view, 320 mm; acquisition matrix, 160  256;
lice thickness, 10 mm.
agged MRI imaging protocol. DIABETICS AND CON-
ROL 1 PATIENTS: DCM. For diabetics and control 1 pa-
ients, tagged images were obtained at basal and apical
hort-axis slices perpendicular to the LV long axis. Two sets
f Complementary Spatial Modulation of Magnetization
ulses were applied sequentially at end diastole after the R
ave of the triggering electrocardiogram. Stripe tags in two
rthogonal directions yielded a tag grid of an 8-mm spacing.
mmediately after the tagging sequence, gradient echo cine
mages were obtained through the entire cardiac cycle to
ollow the displacement of the tags. The imaging parame-
ers were: TE, 5 to 6 ms; field of view, 350 mm; data matrix,
15 256; and slice thickness, 7 mm. The TR was adjusted
o the R-R interval so that a total of 25 frames were acquired
uring one cardiac cycle.
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Early Features of Diabetic Cardiomyopathy January 17, 2006:384–90ONTROL 2 PATIENTS: HR EFFECT. The control 2 patients
nderwent cine and tagged MRI. Tagged images were
cquired at the short-axis apex initially at rest. Then the
atient exercised on a supine bicycle already fitted to the
canner until the HR reached 30% above baseline. Post-
xercise tagged apical images were acquired rapidly before
R decreased. Care was taken to acquire tagged images at
he same apical slice level for the control 2 patients by
re-planning and fixing the slice position in the scanner.
fter recovering until the HR reached baseline, the partic-
pant then received an atropine injection of 0.4 mg initially.
n additional 0.2 mg was given every two minutes (up to a
otal of 1.2 mg) until the HR reached 30% above baseline.
ost-atropine tagged images were acquired. The total ad-
inistration was similar to doses used during a dobutamine/
tropine stress test. The HR, pulse oximetry, and symptoms
ere continuously monitored. Blood pressure was moni-
ored every 30 to 45 s.
OSITIONAL VARIABILITY OF TORSION. The sensitivity of
orsion measurements to small basal-to-apical shifts in the
ocation of myocardial slices is unknown. To determine how
uch patient movement might affect data quality after supine
icycle exercise, additional tagged images were obtained at rest
n one patient at three partially overlapping, adjacent apical
lices, offset by half of the slice thickness (3.5 mm). Torsion
nd strain values were compared in these three slices.
upine bicycle exercise. The supine bicycle ergometer was
tted to the patient table in the MRI scanner and received
he electrocardiogram signals from the MRI scanner (Lode
RI Ergometer, Lode BV, Groningen, the Netherlands).
he control 2 patients exercised on the supine bicycle on the
anual/linear mode until the target HR of 30% above the
aseline HR was reached. Vital signs were monitored as in
standard stress test protocol.
he MRI image analyses. GLOBAL LV FUNCTION, MASS,
OLUMES, AND ECCENTRICITY INDEX. A commercial soft-
are package was used (EasyVision 4.9, Philips Medical
ystems, Best, the Netherlands). Endocardial and epicardial
orders were manually traced from base to apex in each
emporal frame of the short-axis cine images. The contours
ere then stacked to yield LV ejection fraction, volumes,
nd mass. The LV mass was calculated by multiplying the
olume of tissue between the epicardial and endocardial
orders by the density of cardiac tissue, 1.05 g/ml. Two
rthogonal diameters were obtained at a mid-ventricular
hort-axis slice along the septal-lateral axis (D1) and along
he anterior-inferior axis (D2). The eccentricity index was
hen calculated from the average of D1 and D2 divided by
he LV length between mitral annulus and apex on a
our-chamber image. The D1, D2, LV length, and eccen-
ricity index were obtained at end-diastole and end-systole.
ONGITUDINAL LV SHORTENING. From four-chamber cine
mages, mitral valve plane motion was defined as the difference
etween end-diastolic LV length and end-systolic LV
ength. Longitudinal LV shortening rate was obtained by mividing longitudinal LV shortening by the time elapsed
rom end diastole to end systole.
ORSION, TORSION RATE, AND CIRCUMFERENTIAL
TRAIN. Conventional homogeneous strain analyses were
erformed with a MATLAB-based (MathWorks, Natick,
assachusetts) Cardiovascular MR Image Analysis Tool
eveloped and validated in our laboratory (16). Finite
lement approaches were used by dividing myocardium into
riangular elements using adjacent tag points. Two-
imensional Lagrangian strain tensor E was computed for
ach triangle using the method outlined by Fogel et al. (17).
ircumferential strain was derived. Myocardial twist was
omputed relative to the centroid of the ventricular mass at
nd diastole (16). Torsion was obtained by dividing net
wists between base and apex by ventricular length for
iabetic and control 1 patients. For the control 2 patients,
he apical twist was divided by the length between the mitral
alve plane and apex to produce torsion. Maximal torsion
orresponded to the end-systolic torsion. Torsion rate was
efined as the rate of change in torsion over time. Maximal
orsion rate was obtained during systole (TR-s) and recoil
TR-r). Torsion and torsion rate over cardiac cycle for each
atient were normalized by time to reach maximal torsion
%ES) to allow comparison among patients with different
Rs.
tatistical analysis. Continuous data were expressed as
ean values  standard deviation. Differences between
iabetic and control 1 patients were assessed by the Mann-
hitney rank-sum test. In the control 2 patients, the
ilcoxon signed rank test was used to compare the paired
amples in each patient (baseline vs. post-atropine, baseline
s. post-exercise, post-atropine vs. post-exercise). Friedman
tatistics were used to detect any significant differences
mong all three groups of data (baseline, post-atropine, and
ost-exercise). Correlation coefficients were calculated to
etermine association between predictor variables, including
ge, duration of diabetes, body mass index, body surface area,
bA1c, HR, maximal torsion, TR-s, and TR-r. Multivariate
inear regression models were constructed using predictor
ariables with significant correlation coefficients to predict
aximal torsion, TR-s, and TR-r. Statistical tests were
onducted using Microsoft Excel and SPSS (version 13.0,
PSS Inc., Chicago, Illinois). A value of p  0.05 was
onsidered significant. All tests were two-tailed.
ESULTS
atient characteristics. The clinical characteristics are
hown in Table 1. The duration of diabetes was 22.9  9.2
ears, ranging from 8 to 37 years. In all diabetic patients,
ggressive glycemic control was achieved on insulin (HbA1c,
.8  0.4%). Other medications included angiotensin-
onverting enzyme inhibitors for renoprotection (n  3),
-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor (n 
), and aspirin (n  2). No control patients were on any
edication. Type I diabetics and control 1 patients were
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January 17, 2006:384–90 Early Features of Diabetic Cardiomyopathyimilar in age, blood pressure, body mass index, and body
urface area. However, resting HR was significantly in-
reased in diabetics compared with control 1 patients.
TE results. All patients had normal systolic function and
o significant valvular abnormalities. Only three diabetics
et the criteria of diastolic dysfunction by TTE. Two
iabetics had E/A  1. Another diabetic had isovolumic
elaxation time  100 ms. All three of these had Em 8
m/s.
ardiac function and tagged MRI results. Diabetics and
ontrol 1 patients were similar in LV ejection fraction, LV
ass/body surface area, end-diastolic volume, and end-
ystolic volume. No significant differences were observed in
ccentricity index at both end diastole and end systole.
ongitudinal shortening, circumferential strain, and their
orresponding rates were also comparable (Table 2). The
ontrol 1 and the control 2 patients at rest also were similar
able 1. Clinical Characteristics
Type I
Diabetics
Control 1
Patients p
ge (yrs) 40.5  7.4 38.0  7.9 0.41
ale: female 9:7 6:4 N/A
SA (m2) 1.9  0.2 2.0  0.2 0.11
BP (mm Hg) 118.1  6.3 124.0  10.3 0.44
BP (mm Hg) 70.0  9.0 69.0  10.2 0.82
R (beats/min) 77.0  12.4 59.0  5.6 < 0.01
ata shown as mean values  standard deviation. Boldface values indicate p values
0.05, denoting statistical significance.
BSA  body surface area; DBP  diastolic blood pressure; HR  heart rate; SBP
systolic blood pressure.
able 2. Functional and Tagged Magnetic Resonance Imaging
esults
Type I
Diabetics
Control 1
Patients p
V ejection fraction
(%)
64.2  4.4 64.1  3.4 0.73
V mass/BSA (g/m2) 49.6  9.3 55.6  10.1 0.19
DV (ml) 140.1  31.6 150.7  19.8 0.21
SV (ml) 50.5  14.3 54.5  11.1 0.37
ongitudinal
shortening (cm)
1.5  0.3 1.5  0.5 0.98
ongitudinal
shortening rate
(cm/s)
3.9  1.0 3.5  1.4 0.30
ircumferential strain
at apex
0.18  0.03 0.19  0.02 0.32
ircumferential strain
at base
0.15  0.02 0.15  0.03 0.56
aximal torsion
(degree/cm)
3.54  0.90 2.73  0.40 0.005
aximal TR-s
(degree/cm/s)
0.013  0.003 0.010  0.002 0.01
aximal TR-r
(degree/cm/s)
0.020  0.009 0.014  0.005 0.07
ata shown as mean values  standard deviation. Boldface values indicate p values
0.05, denoting statistical significance.
BSA  body surface area; EDV  end-diastolic volume; ESV  end-systolicolume; LV  left ventricle; TR-r  torsion rate during recoil; TR-s  torsion rate
uring systole.
n
bn LV ejection fraction, LV mass/body surface area, twist,
nd circumferential strain at apex.
Maximal torsion was 23% greater in diabetic patients
3.5  0.9°/cm vs. 2.7  0.4°/cm; p  0.005). Torsion
emained elevated throughout systole, isovolumic relax-
tion, and early diastole (Fig. 1). Segmental torsion differ-
nces did not reach statistical significance (Fig. 2). The
R-s was 25% higher in diabetics compared with control 1
atients (0.013 0.003°/cm/s vs. 0.010 0.002°/cm/s, p
.01). The TR-r was 31% higher in diabetics at 120% ES,
ut with a borderline statistical significance (0.020 
.009°/cm/s vs. 0.014  0.005°/cm/s, p  0.07) (Fig. 3).
inear regression analysis showed significant correlation
nly between HbA1c and TR-s (p  0.002) (Fig. 4).
ultivariate regression showed no interaction among the
ariables.
HE HR EFFECT. The control 2 patients comprised nine
en (mean age, 32.8  10.1 years). The mean HR at
aseline was 66.7  9.7 beats/min, significantly lower than
igure 1. Torsion during cardiac cycle. *Significant torsion differences
etween diabetics and control 1 patients during systole, isovolumic relax-
tion, and early diastole (p  0.05). At end systole (100% ES), diabetics
ad a 23% increase in torsion compared with the control 1 patients. %ES 
ercent systolic duration. Solid squares  control 1 patients (n  10);
pen squares  diabetics (n  16).
igure 2. Global and segmental torsion. Global torsion was significantly
igher in diabetics (p 0.01). However, segmental torsion differences were
ot statistically significant. Solid bars  control 1 patients (n  10); open
ars  diabetics (n  16).
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Early Features of Diabetic Cardiomyopathy January 17, 2006:384–908.0  10.5 beats/min post-atropine (p  0.01), and 85.7
10.0 beats/min post-exercise (p  0.01) (Table 3).
hronotropic stimulation did not alter torsion significantly,
lthough the HR augmentations exceeded the difference
etween diabetics and control 1 patients (p 0.30). Torsion
fter inotropic stimulation increased significantly compared
ith baseline (p  0.004) and after chronotropic stimula-
ion (p  0.01) (Fig. 5).
LICE POSITION EFFECT. No significant differences in tor-
ion or circumferential strain were noted among the three
djacent apical slices.
ISCUSSION
e report that ventricular maximal torsion during systole
nd TR-s is increased in type I diabetics with normal
jection fraction, mass, and blood pressure under tight
lycemic control. We also observe that this increase in
orsion is not accounted for by the higher resting HR found
n diabetic patients.
Our findings concur with a recent MRI study by Fonseca
t al. (18) that showed increased torsion and systolic torsion
igure 3. Torsion rate during cardiac cycle. *Significant torsion rate
ifferences between diabetics and control 1 patients during early systole
p  0.05). #There was a trend toward a higher maximal torsion rate
uring recoil (TR-r) in diabetics (p  0.07). %ES  percent systolic
uration. Solid squares  control 1 patients (n  10); open squares 
iabetics (n  16).i
(
igure 4. Correlation between hemoglobin A1c (HbA1c) and maximal
orsion rate during systole (TR-s). Circles  diabetics; line  line fit.ate among patients with type II diabetes with a normal
jection fraction. However, in contrast to our diabetic
roup, their diabetic patients showed older age, abnormal
/A ratio (100%), LV hypertrophy (100%), poor glycemic
ontrol (HbA1c, 9.3  1.7%), hypertension (68%), and the
se of a beta-blocker or calcium channel blocker (22%),
endering it difficult to conclude whether the early changes
n torsion are fundamental to the diabetic state or are
ffected by comorbidities. In our type I diabetic patients
nder good glycemic control without such comorbidities,
e observed that torsion and TR-s still remain elevated,
ndicating that these features seem to be fundamental to the
isease state itself rather than correlated with the comor-
idities. Thus, this paradoxical increase in torsion is likely
ttributable to the presence of diabetes regardless of glyce-
ic control or other factors mentioned above.
We also studied three individuals whose HbA1c levels
ere 7.5%. Their torsion and torsion rates were increased
s well, although without statistical significance given a
mall sample size. The interesting inverse correlation be-
ween HbA1c and TR-s (Fig. 4) raises the possibility that
he poor glycemic control may modulate this fundamental
aradoxical increase in maximal systolic torsion rate. By
omparison, the type II diabetes patients with poor control
elevated HbA1c) in the study by Fonseca et al. (18) showed
20% increase in TR-s, as compared with a somewhat
arger 25% increase in our diabetic population.
Fonseca et al. (18) also reported decreased circumferential
nd longitudinal strains and strain rates among the diabetic
atients. In contrast, the preservation of maximal longitudinal,
igure 5. Chronotropic and inotropic effects on torsion. Chronotropic
timulation with atropine did not alter torsion significantly from the
aseline despite a significant heart rate elevation (p  NS). Torsion after
able 3. HR Effect on Torsion
Baseline Post-Atropine Post-Exercise
BP (mm Hg) 128.6  9.3 130.1  12.3 147.3  13.3*†
BP (mm Hg) 76.0  10.5 73.0  14.0 76.3  8.9
R (beats/min) 66.7  9.7 88.0  10.5* 85.7  10.0*
aximal torsion
(degree/cm)
1.18  0.52 1.32  0.36 1.61  0.40*†
ata shown as mean values  standard deviation; *p  0.05 compared with baseline.
p  0.05 compared with post-atropine.
DBP  diastolic blood pressure; HR  heart rate; SBP  systolic blood pressure.notropic stimulation with exercise was significantly higher than at baseline
p  0.004) or post-atropine (p  0.01).
c
b
(
p
b
r
p
s
(
l
e
a
h
h
I
e
t
T
t
e
t
r
c
o
u
d
i
i
d
r
f
h
T
d
e
t
o
i
m
h
a
c
a
t
r
s
b
f
S
h
s
a
e
h
m
f
w
u
D
v
w
f
c
r
d
I
w
t
r
t
d
e
t
m
f
fi
t
r
t
p
C
p
m
a
t
p
a
k
m
a
m
b
T
t
e
f
a
t
f
s
t
m
p
d
A
T
B
389JACC Vol. 47, No. 2, 2006 Chung et al.
January 17, 2006:384–90 Early Features of Diabetic Cardiomyopathyircumferential strain, and strain rates in well-controlled dia-
etes patients in our study differed from those of Fonseca et al.
18), which points out a potentially detrimental effect of age,
oor glycemic control, hypertension, or the use of beta-
lockers or calcium channel blockers on strain and strain
ates as early signs of cardiac deterioration. Hypertrophy in
articular has been shown to reduce longitudinal strain and
train rates in diabetes independently and incrementally
19). Doppler echocardiography literature showed decreased
ongitudinal strain and strain rates in diabetics with normal
jection fraction (8–10,19). The patients in these reports
lso differed from our patient characteristics in that diabetics
ave mostly type II disease (8–10,19), older age (8–10,19),
igher HbA1c levels (8,9,19), and LV hypertrophy (10).
nterestingly, only 19% of the diabetics in our study showed the
chocardiographic signs of diastolic dysfunction, in contrast to
he majority of the diabetics in other studies (8–10,18,19).
his predominantly normal diastolic dysfunction could con-
ribute in some manner to the preserved longitudinal short-
ning and circumferential strain in our diabetics. Alterna-
ively, the increased torsion and systolic torsion rate may
epresent one of the earliest changes in DCM before the
lassic signs of diastolic dysfunction manifest in the setting
f normal LV ejection fraction.
The comparable end-systolic volume, end-diastolic vol-
me, eccentricity index, and blood pressures between our
iabetic and control patients suggest that the changes in
nherent myocardial contractility may be responsible for
ncreased torsion in our diabetes patients, rather than
ifferences in loading conditions. Increased torsion has been
eported in hypertrophied hearts because of aortic stenosis,
or example (20), and additionally in diabetics with LV
ypertrophy (18). Inotropic augmentation of torsion and
R-r has been shown previously in human hearts after
obutamine infusion (21). Accordingly, by removing the
ffects of geometry and loading factors, we speculate that
he disturbance in torsion is fundamental to the expression
f diabetic pathology in the heart.
Multiple mechanisms have been proposed for DCM,
ncluding metabolic disturbances triggered by hyperglyce-
ia, increased free fatty acid oxidation, altered calcium
omeostasis, myocyte death, fibrosis, small-vessel diseases,
nd cardiac autonomic neuropathy (22–28). The paradoxi-
al increase in contractile force could reflect the changes in
bnormal fiber structure and function attributable to diabe-
es via any of these mechanisms. Whether increased torsion
epresents a fundamental component or an adaptive re-
ponse in diabetes is also unknown, but the fact that it may
e modulated by factors such as hyperglycemia hints at the
ormer and is worth further exploration in animal models.
tudy limitations. The early stages of DCM are likely a
eterogeneous entity involving multiple mechanisms. Our
tudy was limited in the sample size and not designed to
ddress precise mechanisms or progression of DCM. To
liminate confounding variables, we selected a relatively
omogeneous cohort with type I diabetics with tight glyce- Kic control and rigorously obtained ventricular mass and
unction within normal limits. A prospective cohort study in
hich our diabetic participants undergo serial MRI studies
ntil torsion is reduced would help define progression of
CM. A similar MRI study involving diabetic cohorts with
arious levels of HbA1c and their resultant torsion and strain
ould enhance our understanding of mechanisms and mani-
estations of DCM.
The patients were considered to have a low probability of
oronary artery diseases based on clinical grounds, normal
esting TTE, and cine MRI. These criteria do not rule out
efinitively the possibility of epicardial coronary stenosis.
nvasive cardiac catheterization to rule out coronary disease
as not obtained because it was not clinically indicated in
his population. Stress testing was not performed given the
educed sensitivity and specificity of various modalities in
his diabetic population (29). Perfusion defects have been
escribed among asymptomatic diabetics by single-photon
mission computed tomography imaging (30,31). The pa-
ient populations in these studies were older and obese with
ultiple comorbidities and higher HbA1c levels. We per-
ormed scar imaging in 31% of our diabetics and found no
brosis. This may reflect the difference in patient charac-
eristics. Also, significant ischemia or necrosis would have
esulted in decreased torsion rather than in the increased
orsion that we observed, ruling that out as a factor a
osteriori.
linical implications. Diabetic cardiomyopathy is a com-
lex process likely involving multiple mechanisms at the
olecular level and affecting myocardial biomechanics. The
bility to elucidate the earliest biomechanical changes at-
ributable to DCM would enhance our understanding of the
athogenesis, and eventually allow clinical therapeutic trials
imed at ameliorating heart failure in diabetics. To our
nowledge, we have shown for the first time that supranor-
al torsion and TR-s are characteristic of early asymptom-
tic type I diabetics with normal ejection fraction, normal
ass, and tight glycemic control. In particular, these dia-
etics manifested predominantly normal diastolic function.
he mechanism of systolic enhanced torsion was not related
o chronotropic influences of HR known as the “Treppe”
ffect. This augmented torsion and TR-s may represent a
undamental concomitant of the disease state itself or an
daptation with a cause that is yet to be defined. Regardless,
hese early responses (increased torsion) differ considerably
rom the typical late maladaptive features (decreased tor-
ion) manifest in most ischemic or primary cardiomyopa-
hies. Thus, we propose that increased torsion and TR-s
ay offer a sensitive and early predictive marker of the
ropensity to cardiac dysfunction in asymptomatic type I
iabetic patients, otherwise known as DCM.
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